Introduction
Flame stabilization by swirl is a common feature of many turbines and furnaces. Varying the degree of swirl provides the control of their operation over a large range of conditions. Many fundamental aspects of the complex interaction between swirl and non-premixed flamesl-6, premixed flames7-9 and spray combustionlO,ll have been investigated experimentally in laboratories using turbine and furnace simulators. Theoretical models have also been developed to predict combustor performance and other characteristics [e.g . 9] . The most distinct flowfield feature is the large recirculation or toroidal vortex which is vital to steady operation. Because all swirl combustors are enclosed, there have been relatively few studies of open swirl stabilized flames.
Stamer and Bilger4 investigated a non-premixed turbulent jet flame interacting with weak co-flow swirl. They argued that much can be learned from the unconfined system because it is more accessible to probing by laser diagnostics. Their results show that swirl shortens the flame. This shortening is attributed to swirl-induced radial pressure gradients. Many features of their results, however, are similar to those of non-swirl flames.
For flames with intense swirl where the recirculation zone becomes predominant, recent investigations have focused on studying the influence of recirculation on blowout.and stab~lity limits5,6. For premixed flames, the significance of the recirculation zone on open and enclosed systems has also been addressed by many investigators7-9. Syred and Beer2 described their very rich (1.2 < <1> < 6 .0) open flame as noisy and unstable. Fujii et al. 7 reported that the flowfield of the unconfined annular swirl burner was drastically altered by combustion.
For our study of the effect of swirl on open premixed turbulent flames, we have chosen a configuration which is a modification of the premixed flame burner used in previous studies12. It consists of a central flow of premixed fueVair surrounded by co-flow air. • Swirl is generated by tangential air injection which is one of the classical swirl generators suggested by Beer and Chigierl. This flow arrangement is similar to that of the enclosed premixed swirl burner used in the study of Gouldin et al. 8 For conditions of weak swirl, we have found that it provides a novel means of stabilizing freely propagating yet steady premixed flames which maintain at a distance above the burner exit (Fig. 1 ) . This interesting and useful phenomenon of flame stabilization by swirl has yet to be reported in the literature. The flame flowfield is not influenced by physical boundaries, as in the cases of stagnation point flames, rod-stabilized v-flames and Bunsen flames. It gives free· access to laser diagnostics and has the potential of being one of the most ideally suited configurations for investigating fundamental properties of premixed turbulent flames.
The objective of this paper is to characterize the freely propagating premixed flames stabilized by weak swirl. The non-reacting and reacting flowfields with and without incident turbulence are investigated using two-component laser Doppler ane~ometry (LDA) which measures velocity statistics, and Mie scattering from oil droplets (MSOD) technique which infers the scalar statistics. The results are analyzed using wellestablished procedures for premixed turbulent flames to elucidate the stabilization mechanism, and for comparison with those obtained in other configurations. Our investigation shows that even though swirl is vital to stabilizing the steady flame, the flame zone and its properties are not affected by shear associated with swirl. Consequently, this flame configuration is the closest approximation, to date, to the planar one-dimensional premixed turbulent flame of many theoretical models. It is also capable of stabilizing flames at a much wider range of equivalence ratio and should be further exploited experimentally and theoretically to advance fundamental research on premixed turbulent flame propagation.
Experimental Setup
The schematic of the swirl burner and the experimental setup is shown in Figure 2 . The burner is supplied by a 50 mm diameter inner core of fueVair mixture surrounded by an annular co-flow air jet of 114 mm diameter. Swirl is generated by injecting air tangentially through two tangential air inlets of 6.1 mm diameter. As the air supply to the tangential inlets is independent of the co-flow air supply, a range of swirl numbers, S, is obtained by adjusting the tangential air flow which is monitored by a rotameter. A turbulence grid with 5 mm grid spacing and a perforated plate with 4.76 mm diameter holes 1.8 mm apart are used to generate incident turbulence. The turbulence intensities generated, as reported by Cheng and Ng, 13 are between 5 and 8.5%.
Velocity measurements are made using a four-beam 2-color LDA systeml2. The fringe spacings for the beam intersections are 2.42 ~m and 2.56 ~m for axial and transverse velocities, respectively. The laser, transmitting and receiving optics are mounted on a computer controlled 3-axis traversing table. A differential frequency shift of 5 MHz is imposed on the transverse velocity component to remove directional ambiguity. The Doppler signals are analyses by two TSI frequency counters interfaced with and controlled by a 80386 PC. 4096 samples are used in the on-line and off-line computation of the co-validated signals. The co-validation criterion is lOJlsec. Alumina particles of nominal size of 0.3Jlm are used as LDA seeds for the fueVair flow while a silicon oil aerosol provides the seeds for the co-flow and the swirl injectors. Profiles of radial velocity components, V, and the tangential velocity component, W, are obtained by traversing the laser probe on the planes perpendicular (x-y) and parallel (x-z) to the laser direction (z), respectively. Flowline tracingl4 to map flow divergence is obtained on the x-y plane. Data reduction is performed in the way as described previouslyl2.
Reaction progress variable, c, and flame crossing frequency, v, are measured by means of MSOD. This techniquel4 was found to be very convenient for mapping the flame boundaries. Mie scattering from the 488 nm beams is collected by a photomultiplier assembly focused at the beam intersection, then digitized using a AID converter. The reaction progress variable~ c, which varies from 0 in the reactants to 1 in the products and the flame crossing frequency, v, are deduced by assigning a threshold to discriminate between the contributions from reactant and product statesl4.
The swirl number, S, for this configuration is given by Beer and Chigierl, and is the ratio of axial flux of angular momentum to axial flux of linear momentum divided by the burner radius. Claypole and Syred3 have shown that S can be conveniently obtained from the burner geometry and mass flow rate by
At me+mA (1) where r 0 is the radius of the tangential inlet, R is the radius of the burner, At is the total area of the tangential air inlets, m 9 and rnA are the tangential and axial mass flow rates respectively.
Experimentally, it has been shown 5-7 that Scan be obtained more appropriately as
Metering the volumetric rate of the tangential injections and measuring U and W provide independent means to determine the swirl number from Equation (1) , S 1 , and Equation With increasing swirl, the flame begins to detach from the blunt body indicating that freely propagating conditions has been reached and the blunt body can be removed. It was found later that once these conditions are set, the flame can be re-lit without using the blunt body. Figure 1 shows two identical flames with and without the turbulence generator (SWF1 and SWF2 of Table 1 ). Th·e flame brush is more planar for SWF1 and, as expected, the curved turbulent SWF2 flame brush is thicker. The slight asymmetry of SWF2 is probably due to an imbalance of the two tangential air inlets. Clogging of the screens inside the flow settling chamber could also cause gross asymmetry of the flame brush. Because the flame are stabilized by fluid mechanical means, they are very sensitive to changes in flow conditions. SWF1 is found to bounce and the flame sheet is not completely free of wrinkles as expected of a laminar flame. the bouncing movement is probably caused by perturbations of the swirl air supply. a e T bl I E xperamen a on I IOnS In general, changing the co-flow rate does not seem' to have a significant effect on the stabilization range, nor on the flame shape, while keeping the fueVair mixture constant. Consequently, all detailed studies were performed with the co-flow velocity matching that of the core.
The experimental conditions with Re = 40,000 chosen for detail measurements are listed in Table I . Figure 3 shows the mean radial V(r) and tangential W(r) velocity profiles at 10 mm above the exit. Measurement closer than 10 mm is not possible because one of the laser beams is blocked by the burner rim. The V(r) profiles are all linear within the fueVair core with zero crossing points close to the center, which indicates that the swirl generated flowfield is divergent. The strain rate dV(r)/dr averaged about 25 (1/sec.), which is about 20% of typical stagnation point flames conditionl2.
Due to the constraints of the laser table, the measurement domain on the x-z plane, i.e.
w(r), is confined to -30 < r < 60 mm. The most striking feature is that swirling motion is only significant outside the 25 mm diameter fueVair core. Despite the fact that the flame is stabilized by swirl, the tangential component of velocity component across the reaction zone is negligible, which indicates that the flame zone is in fact free of the influence of swirl. The values of S 2 (from Eq. 2) deduced from these profiles are listed in integrating from r = 0 to the burner rim where, as seen in Fig. 3(b ) , W is still increasing.
The centerline mean axial velocity U(x) profiles of Fig. 4(a) show that swirl reduces the centerline velocity from 5.0 to below 2.0 m/s near the exit. For non-reacting Flow 1 and Flow 2, the gradual decrease indicates flow divergence which is also shown by the V(r) profiles in Fig 3(a) . These U(x) profiles clearly demonstrate that recirculation is not . present and therefore, not relevant to flame stabilization. The flame zones of SWFl through SWF4 are marked by the increases in U(x) caused by combustion-induced acceleration. This increase is characteristics of premixed turbulent flames under similar flow and mixture conditions. SWF3 demonstrates that a small increase in swirl draws the flame zone closer to the exit. Downstream from the flame zone, the profiles show gradual decreases. These changes are small compared to those observed in v-flames where the product flow accelerates, or in stagnation flow stabilized flames where the product flow decelerates.
Within the flame zones, the MSOD signals resemble telegraph signals generated by wrinkled flamelets. The flame crossing frequency, v, then indicates the mean time scale of the wrinkles. As shown in Table I , SWFl has the lowest v. Because SWFl does not use a turbulence generator, its vis most likely associated with the perturbation frequency of the swirl injectors. The values of v obtained for SWF2 to SWF4 are about four to six times higher, and are compatible with those observed in the stagnation point flames. It is also interesting to note that the turbulent flames SWF2 -4 do not bounce and have 6 • typical Wrinkled laminar flame appearance, which shows that small scale turbulence tends to damp out low frequency effects.
In Fig. 4(b) the non-reacting u'(x) profiles remain constant. The lack of turbulence decay is a feature of strained turbulent flowfields as in the case of stagnation point flows15. For SWF1 through SWF4, u' peaks at the flame zone. Downstream of the flame brush an increase in u' compared to incident turbulence intensity is observed only for SWF1 and SWF4, both with lower incident turbulence.
As shown in the contour plot of Fig. 5 , the velocity joint probability density function (jpdf) at the peak near c = 0.5 is bi-modal indicating again typical wrinkled flamelet characteristics. The separation between the two peaks (i.e. islands on the contour plot) represents the mean flow acceleration across the flamelet, which is the main contributor to the u' peak. Flame-generated turbulence can also be inferred from the jpdf by deducing the conditioned velocity statistics using the same procedure described by Cheng16. The v' profiles of Our results clearly show that flow divergence is the key flame stabilization mechanism. The main function of the weak swirl is to induce radial mean pressure gradients which cause flow divergence but not recirculation. The flame stabilizes itself at the position where mass flux equals the burning rate. Varying swirl changes the rate of divergence and causes the flame brush to reposition itself. Although the stagnation flow also stabilizes the flame by flow divergence, there are many differences between the two configurations. The swirl-stabilized flame zone is not in physical contact with any surfaces, thus avoiding downstream heat loss or flame interaction with the plate. For example, the stagnation flow configuration is not capable of supporting the lean condition of SWF2 because of wall interactionl4. Flow divergence throughout the swirl generated flow is much smaller than in the stagnation flow. Moreover, it is much more convenient to adjust swirl than to adjust the stagnation plate separation distance to achieve the desire condition. This flame configuration is therefore by far the best for investigating fundamental properties of premixed turbulent flames and will provide new opportunities for investigating flame propagation phenomena such as flame speed, flame generated turbulence, burning rates and extinction or local quenching by turbulence.
It has long been recognized that all laboratory flame configurations have some limitations. The rod-stabilizer of v-flames and the pilot flame of large Bunsen flames may influence the development of flame wrinkles. As mentioned above, under lean conditions the stagnation plate interacts with the flame and influences its propagation. These side effects have to be carefully considered in the analysis and interpretation of the results for comparison with the prediction of theoretical models. To circumvent some of these limitations, Kostiuk et al.l7 developed the opposed flow burner which produces twin interacting flames, and North and Santavicca 18 developed a pulsed-flame flow reactor which produces unsteady freely propagating flames. The trade-off for the former · is that the flame interaction has to be considered in the analysis of the data. For the latter, the transient turbulent flowfield is difficult to characterize by point measurements.
The swirl-stabilized flames are freely propagating, yet stationary. The flame zone is easily accessible to point or two-dimensional laser diagnostics such as tomography and particle image velocimetry and to detailed probing by point methods. Except for flow divergence, there is no other inherent limitation. There are several refinements, however, which can be made to the present apparatus to reduce some of the flame asymmetries and damp flow perturbations. The installation of additional swirl injectors with variable injection angles would be most useful to ensure an axi-symmetric flowfield. More precise control of the swirl injectors would help damp perturbations associated with the high pressure air supply and may lead to the stabilization of planar freely propagating premixed laminar flames. These experiments using the improved system, the analysis of conditioned velocity statistics, characterization of incident turbulence length scales, flame wrinkled scales and burning rates are forthcoming. Radial Distance (mm) Fig. 3 Radial profiles of radial, V, and tangential, W, velocity components at 10 mm above burner exit. --------------------------------- 
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